The nucleotide sequence of a 2384 bp portion within the unique short (Us) region of the herpesvirus simiae (simian herpes B virus; SHBV) genome is presented. A partial and a complete open reading frame (ORF) were found within this nucleotide sequence. The partial ORF encodes the C terminus (147 amino acids) of a protein kinase which is highly conserved in the herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) and simian agent 8 (SA8) U s regions. The complete ORF is located 3' to the partial ORF within the 2384 bp sequence and encodes a 593 amino acid g|ycoprotein which appears to be closely related to the SA8 glycoprotein G (gG), but shares little amino acid similarity with gG of HSV-1 and -2. However, the complete ORF shares certain features conserved among most alphaherpesvirus gGs, notably three highly conserved cysteine residues and an adjacent N-glycosylation site. Therefore, it was concluded that this complete ORF encodes the SHBV gG. The 358 amino acid C-terminal portion of SHBV gG was expressed in Escherichia coli as a fusion protein and this was detected by immunoblotting with sera from cynomolgus monkeys which were either experimentally or naturally infected with SHBV. The purified fusion protein was inoculated into rabbits to raise an antiserum which recognized a number of apparently SHBV gGspecific protein bands in extracts from SHBV-infected simian cells.
Introduction
Herpesvirus simiae (simian herpes B virus; SHBV) is an alphaherpesvirus of Asiatic macaque monkeys (Ludwig et al., 1983 ). SHBV appears to be a simian counterpart of the human herpes simplex viruses (HSV), causing primary asymptomatic/symptomatic infection at oral and/or genital sites (Weigler, 1992) . Primary infection is followed by seroconversion and latency in nerve ganglia Lees et al., 1991; Slomka et al., 1993) . Accidental transmission of SHBV to man, by monkey bite or contact with tissues or body fluids, can cause an ascending encephalomyelitis which has a high mortality and morbidity (Palmer, 1987; Weigler, 1992) . Other reports have shown that SHBV may also cause an asymptomatic primary infection in man which is followed by neurological illness upon subsequent reac-* Author for correspondence. Fax +44 181 200 1569/7874. e-mail jgreen@hgmp.mrc.ac.uk ? Present address: MRC Laboratory of Molecular Cell Biology, University College London, Gower Street, London WC1E 6BT, UK.
The sequence data presented in this paper have been submitted to the EMBL database and assigned the accession number Z46268. tivation from latency (Fierer et al., 1973; Scinicariello et al., 1993) .
SHBV, HSV and the African simian agent, SA8, are known to share a close serological relationship Ludwig et al., 1983) . Immunoblot investigations using antisera to purified HSV glycoproteins have revealed SHBV homologues of HSV glycoproteins gB, gD and gE , and crosshybridization studies with cloned HSV genes located the latter two genes within the unique short (Us) region of the SHBV genome . Sequencing within the SHBV U s region has provided the full nucleotide sequences for SHBV equivalents of the gJ and gD genes and the incomplete sequence of the gI gene (Bennett et al., 1992) ; these genes are collinear with their HSV homologues. This further confirmed the close molecular relationship between HSV and SHBV, while similar findings have been made for related glycoprotein genes in the U s region of the SA8 genome (Eberle et al., 1993) .
These observations indicated that SA8 and SHBV, in common with other alphaherpesviruses, possess a glycoprotein gene cluster in the U s region which appears to be conserved with only small variations (McGeoch, 1990) . In this paper we report a 2384 nucleotide sequence 
Methods
Cells and viruses. The prototypic SHBV isolate from a cynomolgus monkey, termed Cyno 2 (Vizoso, 1975 b; Wall et al., 1989) , was propagated in simian Vero E6 ceils (Centre for Applied Microbiology and Research, Porton Down, UK) grown in medium 199 supplemented with 10 % fetal calf serum (FCS; Life Technologies).
DNA subctoning for sequencing. The SHBV BamHI fragment 'g' (9-4 kbp) contains genes encoding the counterparts of HSV gJ, gD, gI and gE genes Bennett et aL, 1992) . The unsequenced region 5' to the gJ gene (2.6 kbp) was restricted with SalI, EcoRI, XhoI and SacI. These fragments were subcloned into a pSK(-) Bluescript plasmid (Stratagene) and a series of nested deletion clones were generated using an Exo III/Mung Bean deletion kit (Stratagene) based on the protocol of Henikoff (1984) . Ligation and transformation into competent E. eoli XLI-Blue cells (Stratagene) was by standard procedures (Sambrook et al., 1989) . Plasmid DNA was extracted for sequencing from 10 ml overnight cultures of E. coli and purified using Qiagen columns (Qiagen) according to the manufacturer's protocol.
DNA sequencing. Cycle sequencing reactions were performed using commercial reagents with fluorescent-tagged dye primers which included 7-deaza-dGTP instead of dGTP among the dNTPs to help minimize sequencing compressions (PRISM -20 and Rev Dye-Primer cycle sequencing kits; Applied Biosystems). The manufacturer's protocol was modified by increasing the concentration of Taq polymerase to a final concentration of 0-432 units/gl (AmpliTaq sequencing grade; Perkin Elmer Cetus). Each reaction mixture contained 36 ng/gl dsDNA template. Sequencing conditions in a Perkin Elmer Cetus 480 programmable thermocycler were: reaction tubes placed in thermocycler preheated to 97 °C, immediately followed by 15 cycles of denaturation (45 s at 97 °C), annealing (30 s at 55 °C) and extension (1 min at 72 °C). The denaturation and extension steps were then immediately repeated for an extra 15 cycles followed by rapid cooling to 4 °C. Sequencing reaction products were extracted according 
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Fig . Fig. 2 . Multiple amino acid alignment (CLUSTAL) between four primate alphaherpesvirus gGs. Dots indicate identity with the SHBV gG amino acid sequence, while dashes denote gaps which facilitated alignment. Conserved cysteine residues are indicated by triangles and the alignment was manually adjusted to show all the conserved motifs (horizontal brackets). Glycoprotein G-1 and gG-2 sequences are from McGeoch et al. (1985 McGeoch et al. ( , 1987 . Partial sequencing of SA8 gG has covered only the N and C termini (Eberle et al., 1993) . The vertical arrow indicates residue 236, which is the first SHBV gG amino acid in the fusion protein expressed from recombinant pEX358C.
to the manufacturer's protocol and separated by an Applied Biosystems 373A DNA sequencer using denaturing PAGE. Sequence data were compiled and analysed using the Lasergene software package (DNAstar). The algorithm of Lipman & Pearson (1985) was used to determine similarities between protein sequences, while the CLUSTAL program (Higgins & Sharpe, 1988) was employed to present amino acid alignments.
Production of the glutathione S-transferase (GST') fusion protein.
Following identification of a 593 amino acid ORF within the BamHI g fragment (Fig. 1) , the DNA fragment from the Sau3AI site (position 1266; Fig. 1 ) to the EeoRI site (position 2379) was cloned into the GST expression vector pGEX-5X-3 (Pharmacia) digested with BamHI and EcoRI. This recombinant, designated pEX358C, included the 358 Cterminal residues of the 593 amino acid ORF plus 39 nucleotides of the 3' adjacent non-coding region (Figs 1 and 2) . A 50 ml overnight culture of pEX358C in E. coli XL1-Blue was added to 450 ml L broth containing 2% glucose (pre-warmed) and shaken at 37 °C for 3 h.
IPTG was added to a final concentration of 0-1 mN to induce expression of soluble gG fusion protein. After a further 2 h shaking at 37 °C the cells were harvested by centrifugation at 7500 g for 10 min.
These were then processed to obtain either E. coli lysates for PAGE or to purify the soluble gG fusion protein.
Preparation of E. coli lysates for PAGE. Cell pellets from 10 ml IPTG-induced E. coli cultures were resuspended in 1 ml of PAGE lysis buffer (50 mM-Tris-HC1 pH 6.8, 100 mM-DTT, 2% SDS, 20% glycerol and 0.1% bromophenol blue). The lysates were incubated at 100 °C for 10 min immediately prior to electrophoresis through a discontinuous 10% polyacrylamide gel containing 0.27% N,N'-methylene-bisacrylamide (Sambrook el aL, 1989) .
Purification of the gGfusion protein. The pellet from a 500 ml induced E. coli culture was resuspended in 25 ml ice-cold PBS. The cells were gently sonicated for 10 s bursts (10 times on ice), Triton X-100 was added to a final concentration of 1% and the suspension was gently shaken at room temperature for 30 rain. The lysate was centrifuged at column containing 300 gl bed volume Glutathione Sepharose 4B (Pharmacia). After washing the column with 3 ml PBS (3 x ), the gG fusion protein was eluted with 0-5 ml volumes (3 x ) of glutathione elution buffer (GEB; Pharmacia), each of which was incubated in the column for 4~12h at 4°C prior to draining the eluate. The concentration of eluted protein was determined by the method of Bradford (1976) using a dilution series of BSA in GEB as the reference standard.
Preparation of E6 cell lysates for PAGE. E6 cells were grown to confluence in 26 cm 2 flasks and inoculated with SHBV (Cyno 2) at a m.o.i, of 3-5. After 1 h at 37 °C the monolayers were washed twice with PBS which was replaced with 5 ml medium 199 containing 2 % FCS. A control (uninoculated) flask was similarly treated. After culture for 26 h at 37 °C, the medium was replaced with cold PBS into which the E6 cells were scraped. Following centrifugation for 5 min at 4000 r.p.m, in a Denley bench centrifuge at 4 °C, the PBS was decanted and the cells lysed with 200 g1100 mM-Tris-HCl pH 8-0, 10 % glycerol, 0-5 % NP40, 0-5% sodium deoxycholate, 1 mM-PMSF and 25 gg/ml tosyllysine chloromethyl ketone (TLCK). The cells were held on ice for 40 min with occasional shaking to effect solubilization, cleared at 10000 g for 5 min and the supernatants stored at -70 °C until required. For PAGE, the solubilized E6 cells were mixed with an equal volume of 2 x PAGE lysis buffer and boiled for 10 rain.
Western blotting. Following PAGE, proteins were transferred wet to nitrocellulose (0.45 gin; Bio Rad) or PVDF hmnobilin P membranes (Millipore) by electroblotting for 90 min at 90 V using 25 mN-Tri~HCl and 192 mN-glycine buffer pH 8.3 containing 20% methanol (Sambrook et al., 1989) . Membranes were sealed in a bag containing 10% non-fat milk (Marvel), 0.02% Tween 20 in PBS, and shaken for 2 h to effect blocking prior to immune detection.
Antisera raised to SHBV Cyno 2 isolate
(i) Monkey antisera. Sera were previously obtained from four cynomolgus monkeys which had been inoculated experimentally with the SHBV Cyno 2 isolate via the oral route (Lees et al., 1991) . Inoculation had been shown to cause productive SHBV infection, seroconversion (Lees et al., 1991) and the establishment of latent infection in the trigeminal ganglia (Slomka et al., 1993) in three of the four monkeys. Sera were drawn at autopsy between 77 and 106 days post-inoculation.
(ii) Mouse antisera. Polyclonal mouse ascitic fluid was prepared against gamma cell-irradiated SHBV (Cyno 2) as described previously (Cropper et al., 1992) . Briefly, BALB/c mice were inoculated with SHBV Cyno 2 intraperitoneally, (titre before irradiation 10 sa TCIDs0/ml ) followed by intravenous injection at day 10 and 20. Three days later the mice were inoculated intraperitoneally with 1 x 10 ~ Ehrlich ascitic tumour cells and ascitic fluid subsequently tapped following turnout growth.
Seraj~om wild monkeys. Sera were obtained from imported macaque monkeys (cynomolgus species). The specimens were identified as seropositive or seronegative by a SHBV neutralization assay (Lees et al., 1991) which detects but does not discriminate humoral responses to HSV, SHBV and SA8. To minimize immunoblot reactivity with E. coli proteins, all simian sera were pre-absorbed with a GST-expressing E. coli lysate prepared by resuspending the pellet from 100 ml of induced culture in 3 ml 50 mM-Tris-HC1 pH 8-0 and 10 mM-EDTA, freezethawed three times and sonicated. The lysate (250 pl) was added to 50 gl monkey serum plus 450 gl 10 mM-Tri~HC1 pH 7.4, 150 mNNaCI, 0"05 % Tween 20, 5 % non-fat milk and 0.08 % sodium azide (Sambrook et al., 1989) . The mixture was shaken overnight at 4 °C, cleared in an Eppendorf centrifuge and the supernatant stored at 4 °C until required.
Preparation of rabbit antisera to the fusion protein.
The gG fusion protein purified by Glutathione-Sepharose chromatography was dialysed against several changes of PBS (41) and antiserum prepared by injection of adult New Zealand white rabbits with 100M 50 ~tg fusion protein in 0.5 ml PBS emulsified with an equal volume of Freund's complete adjuvant (Sigma). Two booster injections were similarly administered at 2 week intervals, emulsified with Freund's incomplete adjuvant. Final antisera were collected 10 days after the second booster.
Immunoblots. E. eoli lysates were transferred to nitrocellulose membranes, blocked and incubated with sera diluted 1:500 from experimentally-infected and wild cynomolgus monkeys in diluent (10 % non-fat milk, 0.1% Tween 20 in PBS). Polyclonal mouse ascitic fluid raised to SHBV Cyno 2 was diluted 1 : 4000. Rabbit antiserum raised to the purified gG fusion protein was diluted 1 : 200 and incubated with blocked PVDF membranes to which E6 cell lysates had been transferred. Membranes were shaken for 1 h at room temperature, followed by rinsing and washing with PBS containing 0.2 % Tween 20 (15min once, twice for 5rain). The relevant antispecies antibody conjugated with horseradish peroxidase (HRP; Dako) was diluted 1 : 1000 in diluent and shaken for 1 h at room temperature. Membranes were rinsed and washed for 15 rain followed by four 5 min washes with PBS containing 0.2 % Tween 20. Following a final rinse with PBS, immune detection was performed using enhanced chemiluminescence (ECL kit; Amersham) according to the manufacturer's protocol. Membranes were exposed to ECL Hyperfilm (Amersham) in a cassette for between 20 s and 10 min.
Results
DNA sequencing
A 2-6 kbp region 5' to the SHBV gJ gene was mapped and nested deletions derived from restriction subfragments provided clones for cycle sequencing by a modification of the manufacturer's protocol. This was necessary owing to difficulties in sequencing a genome of high GC content (75% for SHBV DNA; Ludwig et al., 1983) . The nested deletions facilitated sequencing each nucleotide a minimum of four times, at least one sequencing reaction being along the complementary strand. This served to identify and correct nucleotide compressions which occurred infrequently in the sequencing gels. The 2384 bp nucleotide sequence between the left-hand SalI site and into the EcoRI site is presented (Fig. 1) . The nucleotide sequence contained one partial and one complete ORF. Further sequencing 3' to the EeoRI site (Fig. 1 ) covered 6 nucleotides before overlapping the region sequenced by Bennett et al. (1992) (Fig. 1) .
ORF analysis'
The partial ORF contained 147 amino acids (Fig. 1) which shared 74.7 % similarity with the C termini of the protein kinase encoded by the US3 gene of HSV-1 and -2 (McGeoch et al., 1985 (McGeoch et al., , 1987 . Alignment with the US3 homologue of SA8 (Eberle et at., "1993) The complete ORF (Fig. 1 ) encoded a 593 amino acid protein and was located between the protein kinase and the gJ genes, the position occupied by the US4 (gG) gene in HSV-1 and -2. The presence of hydrophobic Nterminal signal and C-terminal transmembrane peptides together with potential N-glycosylation motifs (N-X-S/T; Fig. 1 ) indicated the ORF encoded a glycoprotein. Despite displaying only 28 % and 32.8 % amino acid similarity with gG-1 and gG-2 respectively, this polypeptide was identified as the SHBV homologue of gG on the basis of several conserved elements characteristic of alphaherpesvirus gGs. These included the three cysteine residues which occur within the N-terminal portion (residues 115, 127 and 138 in SHBV; Figs 1 and 2) where the intervening amino acid spacing is identical in all mammalian alphaherpesvirus gGs sequenced to date, with the exception of gG-1 which has undergone a large deletion in this region ( Fig. 2; McGeoch, 1990 ). Invariably there are 11 residues between the first and second cysteine and I0 between the second and third (Fig. 2) . All primate alphaherpesvirus gGs (except gG-1) contain an identical octapeptide which incorporates an N-glycosylation signal, ALVNASLL, 17 residues Cterminal from the third conserved cysteine (Fig. 2) . Other conserved cysteines are also indicated (Fig. 2) .
Expression of a truncated SHBV fusion protein
A 1110 bp fragment which contained the 358 Cterminal amino acids of SHBV gG was cloned into the pGEX-5X-3 vector in-frame with the GST protein gene, confirmed by sequencing across the vector-insert junction. Examination of the amino acid sequence (Fig. 2) predicted that the GST moiety plus the truncated gG polypeptide expressed from the resultant pEX358C recombinant plasmid would yield a 62.2 kDa gG fusion protein. Lysates of induced GST (vector control) and gG fusion (pEX358C) cultures were immunoblotted with antisera raised to the SHBV Cyno 2 isolate (Fig. 3) . Sera from three of the experimentally-infected cynomolgus monkeys clearly detected protein bands in the lysate containing the gG fusion, with no bands detectable in the GST lysate (Fig. 3) . The molecular masses of the detected bands were approximately 73, 66, 59, 53 and 49 kDa. Similar multiple bands were detected with the murine anti-Cyno 2 polyclonal ascitic fluid (Fig. 3) .
Immunoblotting with sera from imported wild monkeys
Lysates from induced E. coli were immunoblotted with sera from nine imported cynomolgus monkeys, six of which were seropositive and three seronegative by neutralization (Fig. 4) similar to those detected by antisera to Cyno 2. The three seronegative specimens did not detect these bands (Fig.  4) , indicating that the gG fusion protein is specifically recognized by sera from animals which are apparently naturally infected with SHBV. A number of E. colispecific proteins were detected with some sera from imported cynomolgus monkeys, co-migrating bands being visible in both GST-and gG fusion proteincontaining lanes (Fig. 4) .
Properties of rabbit antiserum raised to the gG fusion protein
Post-immune rabbit serum was incubated with Western-blotted lysates from infected and control E6 cells (Fig. 5) . Several bands were detectable in the Cyno 2-infected lysate which were absent from control E6 lysates. A distinct sharp band (74 kDa) was visible within the broad band (66-87 kDa) upon shorter exposure, and additional bands noted at 58, 35-37 (broad) and 29 kDa (Fig. 5) . A 39 kDa band was detected in the Cyno 2-infected lysate by immunoblotting with pre-immune serum from the same rabbit (Fig. 5) .
Discussion
The SHBV homologue of the HSV gG gene was identified as a 593 amino acid ORF in the U s region. SHBV gG contains the three conserved cysteines and an adjacent N-glycosylation site which similarly occur in most other alphaherpesvirus gGs (Rea et al., 1985; McGeoch, 1990; Colle et al., 1992; Crabb et al., 1992 , Telford et al., 1992 Eberle et al., 1993; Kongsuwan et al., 1993; Spatz et al,, 1994) . SHBV gG and gG-2 both possess an identical octapeptide APQSLLVG (residue 269 in SHBV gG; Fig.  2 ). This is followed by a deletion of 90 amino acids in SHBV gG relative to gG-2 which largely accounts for the smaller size of SHBV gG (593 amino acids) compared to gG-2 (699 amino acids). The heptapeptide EGAGDGE (residue 449) has an identical counterpart in both gG-1 and gG-2 (Fig. 2) . There are no further examples of conservation within the aligned gG central regions, although peptides 293~432 in SHBV gG and 325 555 in gG-2 are rich in proline, serine and threonine residues (40-2% and 48.5%, respectively). These may serve as signals for addition of O-linked carbohydrates as has been experimentally demonstrated for gG-2 (SerafiniCessi et al., 1985) . Comparison with other primate alphaherpesvirus gGs revealed the 60 C-terminal amino acids of SA8 gG share a high degree of conservation with the corresponding region in SHBV gG (85.0% similarity). This includes a FLTASP motif (residue 538 in SHBV gG) which is identical in gG-1 and gG-2 (Fig. 2) . Although only partially sequenced, SA8 gG appears to be closely related to the SHBV gG, as indicated by this and the similarity in the SA8 N-terminal peptide (68-2 %), particularly in the region of the three conserved cysteines and adjacent glycosylation site (Fig. 2) .
The 358 C-terminal amino acids (60 % of residues) of SHBV gG were expressed as a fusion protein. The predicted molecular mass of the entire gG fusion protein was 62-2 kDa, but immunoblotting with antisera to Cyno 2 and sera from naturally-infected cynomolgus monkeys revealed a number of protein bands (Figs 3 and  4) . The full-length gG fusion protein probably corresponds to the band of 66 kDa, and several of the positive sera recognized this as the strongest band. The larger 73 kDa band may represent translational read-through of the SHBV gG native termination codon. Smaller bands probably represent proteolytic breakdown products of the gG fusion protein.
All SHBV-positive sera reacted with the gG fusion by immunoblot except one of the four sera obtained from experimentally inoculated cynomolgus monkeys (serum number 1 ; Fig 3) . A weak, possibly transient, seroconversion in this monkey was detected by neutralization (Lees et al., 1991) . However, subsequent PCR investigations failed to reveal either prolonged virus shedding or latency which was clear for the other three inoculated animals (Slomka et al., 1993 ). It appears that SHBV Cyno 2 inoculation in this monkey did not cause productive primary infection and consequently did not elicit lasting seroconversion nor progress to a latent infection.
Rabbit antiserum raised to the purified gG fusion protein detected several bands which are specific to SHBV Cyno 2-infected E6 cells (Fig. 5) . Among the HSV-2 glycoproteins, only gG-2 has been shown to undergo unique cleavage events during its synthesis (Balachandran & Hutt-Fletcher, 1985; Su et al., 1987 Su et al., , 1993 , so these Cyno 2-specific bands may well represent different processed forms of SHBV gG. A non-glycosylated full-length gG-2 precursor (Weldon et al., 1990) is not detected in infected cells, but cotranslational glycosylation produces a 104 kDa high mannose precursor, cleaved post-translationally to yield 31 and 72 kDa Nand C-terminal intermediates, respectively (Suet al., 1993) . Modification of high mannose carbohydrate chains occurs together with the apparent addition of Olinked sugars (Dall'Olio et al., 1987) to give 34 and 108 kDa glycoproteins. The 108 kDa protein is the mature gG-2, while the 34 kDa species is secreted from infected cells (Su et al., 1987) . The intracellular processing of SHBV gG remains to be investigated, and additional antisera raised to selected SHBV gG fusions may provide useful reagents.
It is hoped that SHBV gG may be exploited as a diagnostic antigen for the identification of SHBV-specific humoral responses in simian and human sera in much the same way as gG-1 and gG-2 serve as type-specific antigens for HSV-1-and -2-specific antibodies (Ashley, 1993) . The biological function(s) of gG remains the subject of speculation (Crabb et al., 1992) and the sequence information in this paper may help to resolve this fundamental question.
